A monosegmented continuous flow analysis (MCFA) procedure for the spectrophotometric determination of boron using azomethine-H as colour reagent is presented. Under the experimental conditions described the calibration graph is linear up to 4.00 pg ml-1. The detection limit found is 0.02 pg mt-1, calculated from three times the standard deviation of the blank signal. The common interfering elements present in plants were investigated under dynamic MCFA conditions. As expected, iron and copper present the most severe interferences. This MCFA method for the determination of boron was used with test samples from the Plant Sample Exchange Programme (PSEP) of the Wageningen Agricultural University. The results compared favourably with those obtained by the conventional static procedure and those published by the PSEP. Keywords: Monosegmented continuous flow analysis; boron determination; plant analysis * Boron and its compounds are widely used in industry,132 but its major importance is in relation to agriculture owing to its role in food production. Boron is an essential element to plants.3 Its function is closely related to the activity of the meristems, the development of cell walls, fruit development and the translocation of sugars.3-5 As either a deficiency or an excess of boron can cause severe damage to plants, routine control of the boron content in plants (and soil) is highly desirable in order to maintain this element at an adequate level for healthy plant growth.
Boron and its compounds are widely used in industry,132 but its major importance is in relation to agriculture owing to its role in food production. Boron is an essential element to plants. 3 Its function is closely related to the activity of the meristems, the development of cell walls, fruit development and the translocation of sugars.3-5 As either a deficiency or an excess of boron can cause severe damage to plants, routine control of the boron content in plants (and soil) is highly desirable in order to maintain this element at an adequate level for healthy plant growth.
From the various analytical procedures for the determination of boron, those with spectrophotometric detection are the most commonly used.2-6 Among the spectrophotometric methods, those reporting the use of azomethine-H7 as the colour reagent are now more widely accepted than the older methods,z either for conventional static procedures611 or under the dynamic conditions of continuous flow analysis,l2-16 such as segmented continuous flow analysis (SCFA, autoanalyser)12-15 and flow injections analysis (FIA) .16 As the rate of interaction between boron (as boric acid) and azomethine-H is fairly S~O W ,~ a higher sensitivity is obtained using the SCFA analyser12-15 than with FIA16 because the air segmentation reduces the longitudinal dispersion of the sample along the flow path, favouring sensitivity when slow reactions are employed.
In this paper we report work carried out in our laboratory which demonstrates that the sensitivity of the azomethine-H method for boron can be improved by making use of the recently introduced17 monosegmented continuous flow analysis (MCFA) approach, which maintains the important characteristics of H A , such as simplicity, reproducibility and high sample throughputlgJ9 while reducing the longitudinal dispersion of slowly developing reactions.
Experimental
Reagents All chemicals were of analytical-reagent grade and distilled, de-ionised water was used throughout. The water should be distilled from an apparatus made from quartz or other non-boron containing material in order to avoid high blank values. The solutions, including samples and standards, were prepared and stored in high-density polyethylene flasks. The ambient temperature during the experiments was kept at 22 k 2 "C.
* To whom correspondence should be addressed.
A boron stock solution (1000 pg ml-1) was prepared by dissolving 5.7178 g of boric acid (Carlo Erba) in water and diluting to 1 1. The working solutions of boron and the standards for the calibration graphs were prepared daily by suitable dilution of aliquots taken from the stock solution with 0.10 M HCI.
The azomethine-H reagent was synthesised and purified as previously described.7J2 Except when stated otherwise the working solution of the reagent was also prepared daily by dissolving 0.60 g of azomethine-H and 2.0 g of ascorbic acid (Merck) in about 40 ml of water with stirring, then diluting to 100 ml.
The buffer-masking reagent was prepared by dissolving 14.0 g of diammonium hydrogen phosphate and 5.0 g of EDTA (as the disodium salt) in about 90 ml of water, adjusting the pH to 8.1 k 0.2 with a 1 + 2 V/V ammonia solution and then diluting to 100 ml.
Stock solutions (1000 or 2000 pg ml-1) of Fe3+, Cu2+, AP+, Ca2+, Mg2+, Zn2+, Mn2+, Na+ and K+ , as chlorides, and of NO3-and SO&-, as potassium salts, were prepared for on-line interference studies. These tests were performed by adding, separately, appropriate aliquots of each of these solutions to 0.50, 1.00 and 2.00 pg ml-1 boron standard solutions. The plant samples used to test the MCFA method for the determination of boron were prepared by ashing 250-mg portions of oven-dried, ground plant tissue in porcelain crucibles for 2 h at 500 "C and then dissolving the residue with 10.0 ml of 0.10 M HCl.*J6
Experimental Conditions
The determination of boron was carried out using the MCFA manifold shown in Fig. I . As can be seen from Fig. 1 , the colour reagent, the buffer-masking solution and the sample are brought to a confluence point for mixing in a microchamber, M (detailed in M'). This results in a more homogeneous mixture than is obtained by using conventional tee-connectors and/or mixing coils.
The mixture passes into the sampling loop, L,. On injection, the reaction mixture is inserted between two air bubbled7 (of about 68 pm thick commercial PTFE tape (Vedarosca, Inconflon Ind. Com. Ltda., S o Paulo, Brazil), which acts as a gas -liquid membrane ~eparator.17~20 When using a carrier flow-rate of 5.7 ml min-1 ( Fig. l) , as in this work, it is not necessary to evacuate the permeation cell, as is necessary at lower flow-rates." The PTFE membrane should be changed after 6-8 h of use.21 Air bubble removal can also be carried out mechanically by sampling the centre of the reaction zone by means of one or two valves operated by a microcomputer21 or by sequence timers. Such a procedure permits a lower carrier flow-rate and a shorter delay coil, without affecting such parameters as wash time and, by implication, the rate of analysis. In addition, mechanical separation also permits easier adjustment of the sample residence time determined by the delay coil length and carrier flow-rate. However, despite these advantages, we recommend the use of the permeation cell in routine work, owing to its operational simplicity and efficiency under the experimental conditions described here.
It is also desirable to use a pulse damper, D, in the carrier line, described in Fig. 1 (D' ), This will decrease the amplitude of the sample pulse in the delay coil, caused by the pumping process and enhanced by the higher compressibility of air compared with liquids. Less pulsing facilitates the de-bubbling procedure using either permeation or mechanical separation.
A high carrier flow-rate may fragment the aliquot of reaction mixture introduced into the delay coil, allowing sample intercontamination and lowering the sensitivity. In this work a carrier flow-rate of 5.7 ml min-1 gave reproducible results with a negligible carry-over, even for higher boron concentrations (up to 4.00 pg ml-1). The other liquid flow-rates given in Fig. 1 gave the best results under our MCFA experimental conditions. All solutions were pumped using a Micronal B 332 peristaltic pump and Tygon pumping tubing (Technicon). The absorption measurements were made using a Zeiss PM2A spectrophotometer at 420 nm7.16 with a 8O-pl Zeiss flow cell (optical path length 10 mm). Polyethylene tubing was used for the loops, as transmission lines and as mixing (i.d. 0.8 mm) and delay (i.d. 2.0 mm) coils. The delay coil (variable length) was supported on a 15-cm diameter cylinder.
The injection valve, a laboratory-made acrylic proportional injector,22 was operated by means of two solenoids controlled by an electronic sequence timer, programmed to unload the sample loop (L,) in 10 s after a loading period of 20 s.
As liquids and gases have different compressibilities, it is necessary at the beginning of the working day to fill the delay coil with the monosegmented stream. This is accomplished by injecting blank samples until the delay coil is equilibrated. After equilibrium, reproducible blank signals are obtained.
The sample changes are carried out just after the injection valve is brought to the unloading position. This procedure gives the operator sufficient time to wash the sampler (L,) with the new sample solution, and to eliminate undesirable small air bubbles which are introduced into the L, feed line during the sample changes if a switching device23 is not used during this operation.
It is also desirable to couple a numerical counter to the MCFA injection valve in order to avoid confusion about the number of injections performed per sample, as this tends to be a tedious task in routine work. A very simple and inexpensive digital counter, which makes use of the display and logic board of a Iow-cost pocket calculator can be used for this purpose.24
Results and Discussion
The best MCFA working conditions for boron determination were ascertained by a series of screening experiments. All results are an average of at least three injections, corrected against the blank.
As the MCFA approach differs from FIA in many respects ,I7 the influence of the diammonium hydrogen phosphate buffer concentration on the spectrophotometric signal Other experimental conditions as in Fig. 2 was established under the MCFA conditions. As shown in Fig.  2 , the maximum MCFA signal is observed for (NH&HP04 concentrations between 14.0 and 15.0% mlV, much lower than the 26.4% mlV reported for FIA work. 16 The buffer concentration used throughout this work was 14.0% mlV.
As the buffer pH varies from 7.9 to 8.1 only by changing the amount of hydrogen phosphate in solution, the influence of the buffer pH on the MCFA signal was also tested by changing the pH of a 14.0% rnlV buffer solution from 7.7 to 8.5 using hydrochloric acid or ammonia solution. The MCFA signal is only slightly altered in this pH range, indicating that small variations in the buffer pH are not critical. The buffer pH was fixed at 8.1 k 0.2 for further experiments. This results in a pH of 6.5 +-0.2 at the end of the waste line.
Although both buffer concentration and pH are different for MCFA from those reported for the FIA approach,l6 the use of the diammonium hydrogen phosphate buffer proved to be better for the boron -azomethine-H colour development in both MCFA and FIA than the acetate buffer (pH ca. 4.8), suggested by Capelle7 and widely used in SCFA systems. At a fixed pH, variation (to 6% mlv) of the EDTA concentration, added to the buffer as masking agent, does not change the MCFA signal.
As shown in Fig. 3 , the residence time needed to complete the reaction between boron and azomethine-H under the dynamic MCFA experimental conditions described above was found to be around 280 s. This is consistent with FIA stopped-flow studies ,I6 which state that maximum colour Table 1 . Interferences in the determination of boron with azomethine-H using monosegmented continuous flow analysis. Results given are the interference factors, where a factor of 1.00 means no interference within +2%, a factor greater than 1.00 means an enhancement and a factor of less than 1.00 means a depression of the expected value. The results are averages of at least ten injections. The experimental conditions are the same as those used to obtain the calibration run of Fig. 6 The values were corrected against the blank Boron/pg ml- Samples run in triplicate.
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development is achieved in about 5 min and remains stable for at least 90 min. An 8.5-m delay coil proved to be sufficient to achieve the required d o u r development with our carrier flow-rate of 5.7 ml min-1. The relationship between MCFA signal and azomethine-H concentration is shown in Fig. 4 . Above 0.80% mlV, the variation in absorbance is not significantly affected, at least for lower boron contents. For higher boron contents (above 3.00 pg ml-1) the absorbance values are off-scale.
In the experiments described by Capelle,7 the azomethine-H solution was prepared with ascorbic acid added as a preservative against oxidation. Under the MCFA conditions, the absorbance values fall when ascorbic acid is present in the azomethine-H solution, as shown in Fig. 5 . In addition, no significant variation in the absorbance was observed in the absence of ascorbic acid during 8 h of determinations, using boron standards. However, we have used the conventional 2.0% m/V ascorbic acid in the reagent solution as this permits a more reliable comparison between the MCFA and FIA approaches.
Variation of the injection volume between 200 and 500 pl indicates that this parameter does not appreciably influence the measured absorbance, in contrast to FIA determinations, as the reaction mixture and not the analyte sample is injected into the MCFA delay coil. Variation of the injection volume will mainly affect the sampling rate.
A typical graph taken from the calibration run shown in Fig.   6 is linear up to 4.00 pg ml-1 (A = 1.19 x 10-2 + 2.50 x 10-1
[B] pg ml-1, where A = absorbance and the correlation coefficient r = 0.9998). Variations of the sensitivity may be observed depending on the azomethine-H purity, which may vary from batch to batch, and on reagent storage conditions. The relative standard deviation (RSD) is almost constant over the range tested. From ten replicate determinations the RSD varied from 1.0% at the 0.50 pg ml-1 level to 1.4% at the 3.00 pg ml-1 level (minimum RSD = 0.9% at 1.00 pg ml-1). The detection limit, calculated from three times the standard deviation of the blank signal,25 was 0.02 pg ml-1. As the injection cycle is completed in 30 s, the actual sampling rate is 120 h-1, with negligible carry-over .
Based on the early experiments by Capelle,7 the behaviour of some elements usually present in plants was tested under the MCFA conditions described. These results are summarked in Table 1 .
As expected,' the most severe interferences are caused by iron (either Fe" or FeI") and copper. The level of interference from these elements is a function not only of the relative concentration ratios of interferent to boron but also of the actual boron and interferent levels. For example, a concentration ratio of Fe : B of 100 gives an I.F. value of 8.87 for boron and iron levels of 0.50 and 50 pg ml-1, respectively, but an I.F. value of 5.61 for boron and iron levels of 1.00 and 100 pg ml-1, respectively (see Table 1 for definition of I.F. values). This relationship was not observed for aluminium (see Table 1 ). A similar behaviour can be deduced for the FIA work. 16 This unusual behaviour could be explained by a reaction mechanism in which these elements act as a catalyst for an azomethine-H condensation reaction in a similar way to that proposed by Capelle for boron.7 Hence, the over-all rate of References the -azomethine-H equilibrium displacement would be a function of the concentration of each chemical species involved in the reaction in addition to a function of the individual catalysing efficiency of each interferent. Further investigation is necessary to confirm this hypothesis, as the actual chemical system is rather complex.
On the other hand, Na+ (2000), K+ (lOOO), Mn2+ (50), Zn2+ (30), NO3-(1000) and S042-(1000) do not interfere within _+2% for any of the boron concentrations tested. The numbers in parentheses indicate the maximum interferent concentration tested in pg ml-1. Ca2+ and Mg2+ do not interfere up to 100 pg ml-l if the buffer contains at least 3% mlV of EDTA. Higher Ca2+ and Mg2+ concentrations may interfere with the boron determination either by precipitate formation, when the EDTA concentration is lower than 3% mlV (noisy signal), or by complex formation, when the EDTA concentration is equal to or higher than 3% mlV (I.F. 4.00).
Considering the results and limits shown in Table 1 , the addition of 5% mlV of EDTA in the buffer is sufficient to eliminate the most common interfering elements for boron determination in plant tissues.
The MCFA procedure for the determination-of boron was also tested using real plant samples from the Plant Sample Exchange Programme (PSEP) of Wageningen Agricultural University. These samples were used for intercalibration studies among 56 laboratories.
Each sample was divided into three 250-mg portions prior to the treatment described under Experimental. The resulting solutions were injected into the MCFA system in quintuplicate, performing a total of 15 injections per sample. The final results are presented in Table 2 as the average value obtained from conventional data treatment of these measurements. These averages are compared with the results from the conventional static azomethine-H procedure8-9 and with the data reported from the PSEP.
The results obtained from our MCFA dynamic conditions are in excellent agreement with those found using the static azomethine-H method. By direct comparison, our results are equal to or better than the PSEP reported median, but all of them are in the accepted range, according to the marking procedure .2h Sample 757, which has the highest absolute deviation from the median, also has a high content of other elements (1078, 12 and 1390 mg kg-1 for iron, copper and aluminium, respectively). Hence, in samples with known high contents of interfering elements, especially iron, it is necessary to decrease the interferent concentrations to acceptable levels prior to the determination of boron. Alternatively, a higher EDTA concentration in the buffer could be tested as the MCFA signal appears to be constant over a large EDTA range.
This MCFA procedure for the determination of boron is now in use for routine plant analyses at the Instituto AgronBmico de Campinas, using the experimental conditions cited in the legends of Figs. 1 and 6. Studies are presently underway to extend this procedure to soil analysis.
